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Whole-Body Diffusion Kurtosis Imaging
Initial Experience on Non-Gaussian Diffusion in Various Organs
Lukas Filli, MD,* Moritz Wurnig, MD, MSc,* Daniel Nanz, PhD,* Roger Luechinger, PhD,Þ
David Kenkel, MD,* and Andreas Boss, MD, PhD*
Introduction: Diffusion kurtosis imaging (DKI) is based on a non-Gaussian
diffusion model that should inherently better account for restricted water
diffusion within the complex microstructure of most tissues than the conven-
tional diffusion-weighted imaging (DWI), which presumes Gaussian distrib-
uted water molecule displacement probability. The aim of this investigation
was to test the technical feasibility of in vivowhole-body DKI, probe for organ-
specific differences, and compare whole-body DKI and DWI results.
Materials and Methods: Eight healthy subjects underwent whole-body
DWI on a clinical 3.0 T magnetic resonance imaging system. Echo-planar
images in the axial orientation were acquired at b-values of 0, 150, 300, 500,
and 800 mm2/s. Parametrical whole-body maps of the diffusion coefficient
(D), the kurtosis (K), and the traditional apparent diffusion coefficient (ADC)
were generated. Goodness of fit was compared between DKI and DWI fits
using the sums of squared residuals. Data groups were tested for significant
differences of the mean by paired Student t tests.
Results: Good-quality parametrical whole-body maps of D, K, and ADC could
be computed. Compared with ADC values, D values were significantly higher
in the cerebral gray matter (by 30%) and white matter (27%), renal cortex
(23%) and medulla (21%), spleen (101%), as well as erector spinae muscle
(34%) (each P value G0.001). No significant differences between D and ADC
were found in the cerebrospinal fluid (P = 0.08) and in the liver (P = 0.13).
Curves of DKI fitted the measurement points significantly better than DWI
curves did in most organs.
Conclusions: Whole-body DKI is technically feasible and may reflect tissue
microstructure more meaningfully than whole-body DWI.
Key Words: whole body, diffusion kurtosis, DKI, diffusion-weighted
imaging, magnetic resonance
(Invest Radiol 2014;49: 773Y778)
D iffusion-weighted imaging (DWI) is a well-established clinicaltool in magnetic resonance imaging (MRI). In the brain, its main
applications include early detection of cerebral ischemia and char-
acterization of focal brain lesions.1 Within the last few years, the
development of strong magnetic field gradient systems combined
with parallel imaging techniques allowed the extension of DWI to
applications in the body. Among these are the detection and charac-
terization of malignant disease, such as lung cancer,2 breast cancer,3
primary and secondary liver malignancies,4Y6 renal cancer,7 or pro-
state cancer.8Y11 The high cellular density in most tumors results in a
water diffusion that is more restricted than in normal parenchyma or
scar tissue.12Y14 The apparent diffusion coefficient (ADC), which is
a quantitative measure of diffusion, is a biomarker that may be used in
the assessment of aggressiveness of some malignant diseases, quan-
tify early treatment response, and potentially even allow prediction
of treatment response.
Modern MRI systems, which are equipped with a moving table
platform and numerous receivers, are capable of whole-body imaging
within a clinically acceptable measurement time. Whole-body DWI is
an emerging tool for the detection and staging of widespread meta-
static disease or lymphoma.15Y17 Whole-body DWI with background
suppression is a young but promising alternative to positron emission
tomography and computed tomography in different types of cancer.18Y22
The determination of the ADC is based on the assumption of
a Gaussian distribution of displacement probabilities of water mole-
cules due to water self-diffusion. Unlike in isotropic liquid media,
however, diffusion of water molecules in cellular tissue is restricted
by barriers such as cellular membranes and intracellular organelles
and, therefore, is not Gaussian in most tissues of the human body.23,24
Imaging methods based on non-Gaussian diffusion models, such as
diffusion kurtosis imaging (DKI), may assess the complexity of micro-
structural environments more accurately than conventional DWI.25
The kurtosis quantifies the ‘‘non-Gaussianity’’ of the diffusion dis-
tribution and can be considered as a biomarker of the heterogeneity
of tissue microstructure.24
Whereas early studies concentrated on non-Gaussian diffusion
models in brain imaging,26Y31 recent publications also found addi-
tional value of DKI in the imaging of head and neck tumors,32,33
nonYsmall cell lung cancer,34 hepatocellular carcinoma,35 and pro-
state cancer.36 In addition, DKI has been shown to reflect microstruc-
tural characteristics of renal tissue more accurately than conventional
DWI.37,38 These early but promising results raise the question whe-
ther in vivo DKI might also add valuable information to conventional
DWI in whole-body imaging, for example, of widespread metastatic
disease or systemic muscle disease. In the present study, initial results
on the technical feasibility of an MRI protocol for whole-body DKI
are presented and limitations of the current approach are discussed.
MATERIALS AND METHODS
Subjects
Eight healthy volunteers participated in this institutional review
boardYapproved prospective study (4 men and 4 women; mean age,
30.6 years; range, 24Y35 years). All individuals provided written in-
formed consent before the magnetic resonance (MR) examination
with agreement to the subsequent scientific evaluation of the data sets.
Imaging Protocol
Spin-echo prepared transverse echo-planar imaging data
were acquired on a 3-T whole-body MR scanner (Ingenia; Philips
Healthcare, Best, The Netherlands) with the integrated posterior coil,
a 15-channel head coil, and a 32-channel flexible anterior coil during
free breathing. Six stacks of axial slices with a field of view of 450
(x axis)  295 (y axis)  300 (z axis) mm3 were acquired. Further
sequence parameters were as follows: repetition time, 8708 milliseconds;
echo time, 64 milliseconds; slice thickness, 6 mm; in-plane resolution,
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3.5  3.5 mm2; echo-planar imaging factor, 29; sensitivity encoding
(SENSE) factor, 3; and number of signal averages, 3. Fat signal was
suppressed with an inversion pulse at an inversion time of 220 milli-
seconds. All images were acquired with 5 different b-values (0, 150,
300, 500, and 800 s/mm2).
Postprocessing
The image stacks acquired in the axial orientation were com-
posed of whole-body data sets for each b-value and reformatted
coronally. Subsequently, parametrical maps of ADC, D, and K were
calculated on a voxel-by-voxel basis by using in-house Matlab routines
(The MathWorks, Natick, MA). The ADC was determined on the basis
of the assumption of a monoexponential relationship between signal
intensity Sb and b-value:
SðbÞ ¼ S0q expðjb ADCÞ ð1Þ
Diffusion kurtosis imaging quantifies the non-monoexponentiality
of the diffusion by means of a second-order Taylor series expansion.
To obtain voxelwise D and K values, the following equation was fitted
to the signal decay curves:
SðbÞ ¼ S0q expðjbDþ b2D2K=6Þ ð2Þ
A nonlinear Levenberg-MarquardtYbased fit algorithm was used.
To assess the goodness of fit for both DWI and DKI exponential
analyses, the sum of the squared residuals was measured (‘‘resnorm’’ of
the Matlab routine ‘‘lsqcurvefit’’).
Measurements and Statistical Analysis
Parameters of DKI were measured by region-of-interest (ROI)
analysis on axial images. In each case, 3 ROIs were placed in the
cerebrospinal fluid (CSF, measured in the lateral ventricles), cerebral
gray matter (GM, measured in the striatum) and white matter (WM,
measured in the corona radiata), liver, renal cortex and medulla,
spleen, as well as erector spinae muscle (at the level of the kidneys).
Large vascular structures such as the hepatic veins were avoided in
the definition of the ROIs.
Descriptive statistics and statistical comparisons were applied
to the ROI analyses in Statistical Package for the Social Sciences
(version 19; IBM Corp, Somers, NY). The Student t tests were used
(1) to compare DKI and DWI parameters measured in different organs
and (2) to compare the goodness of fit on the basis of the sum of the
residuals of DKI and DWI curves. A P value of less than 0.05 was
considered to indicate statistically significant differences.
RESULTS
Image Acquisition
All images were successfully acquired. Total whole-body scan-
ning duration was approximately 45 minutes (7.5 minutes per stack).
Parametrical Maps
Examples of coronal and axial maps of DKI parameters and
corresponding ADC values are shown in Figures 1 and 2. Different
organs and compartments are readily recognized on these maps.
Values of D were typically higher than ADC values in parenchymal
soft tissue organs. Subcutaneous fatty tissue showed the highest K
values; from among the parenchymal organs, the highest K values
were observed in the spleen. K was close to zero in vessels and other
low-viscuous fluid containing structures. The liver exhibited the
highest D and ADC values (with large residuals indicating suboptimal
fitting with both DWI and DKI analyses, presumably caused by
perfusion effects). A small artificial corona could be observed, sur-
rounding the skull in all parametrical maps, which was interpreted
as a SENSE parallel imaging artifact.
Quantitative Measurements
Figure 3 illustrates typical signal intensity measurements in
different organs and corresponding DKI and DWI fit curves. The
DKI curves fitted the data points with smaller residuals (in the sub-
sequent part of this section) compared with the monoexponential
DWI approximation curves except for CSF, in which both curves
were almost identical.
Mean values and standard deviation of the parameters mea-
sured in different organs are presented in Figure 4 and Table 1. D was
significantly higher than ADC in the cerebral GM (30%) and WM
(27%), renal cortex (23%) and medulla (21%), spleen (101%), as
well as erector spinae muscle (34%) (P values each G0.001). No
significant differences were found between D and ADC measured in
the CSF (P = 0.08) and in the liver (P = 0.13).
In the brain, the mean value of K was higher in WM than in
GM; however, the difference was not statistically significant (P = 0.2).
Measurements in the liver revealed significantly higher D and lower
K values than in the other organs (P G 0.001 each) and also com-
pared with the CSF (D, P = 0.008; K, P G 0.001). Between the
renal cortex and medulla, no significant difference was found in
D (P = 0.2), K (P = 0.9), and ADC (P = 0.054).
The mean resnorm values of the DWI curves generated in all
volunteers were between 1.5-fold (GM) and 3.6-fold (muscle) higher
than those of the DKI curves, indicating a better fit of the DKI curves
to the measurement points. This difference was statistically signi-
ficant in WM, liver, renal cortex, and medulla as well as muscle (for
P values, see Table 1).
DISCUSSION
The present study reports on initial experiences with the fea-
sibility of whole-body DKI in humans using a clinical MR scanner.
Whole-body data sets could be obtainedwithin an acceptablemeasurement
FIGURE 1. Sample whole-body maps of the D and K
compared with ADC obtained from the monoexponential fitting.
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time. The DKI algorithm described in previous studies24 was ap-
plied on a voxel-by-voxel basis to obtain parametrical whole-
body maps of the D and K. The results of this study suggest that
DKI is applicable to whole-body imaging and that DKI, in general,
provides a better description of the diffusion data sets compared
with DWI.
By quantifying the non-Gaussianity of the diffusion distribu-
tion in DWI, K is a comparatively direct measure of the heterogeneity
of tissue microstructure.24 Recent studies, which focused on single
organs, reported that DKI may reflect microstructural conditions more
accurately compared with conventional DWI.23,25,36,37 These prom-
ising results kindle an interest in whole-body DKI in vivo because
FIGURE 2. Axial B0 diffusion images and parametrical maps of the DK D, the DK K representing the non-Gaussian water molecular
diffusion, and the conventional ADC of DWI at 4 different table positions are provided.
FIGURE 3. Typical curves of signal intensity as a function of the b-value, measured in the ROIs in different organs of 1 subject, and
the corresponding DKI and DWI fit curves. In liver tissue, an increasing DKI curve at b greater than 800 s/mm2 can be noticed.
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this technique may allow more comprehensive tissue characterization
compared with conventional whole-body DWI in the assessment of
systemic oncological or inflammatory diseases.
Technical Aspects
Precision and accuracy of calculated DKI parameters (D, K)
depend on the number and levels of b-values applied. In terms of
levels, a maximum b-value of 2000 to 2500 s/mm2 is typically sug-
gested in DKI studies of the brain.25 In other regions of the body,
however, the use of such high b-values is limited by a low signal-to-
noise ratio (SNR) because of the lower sensitivity of flexible surface
coils compared with the head coil. Another important factor is the
lower T2 transverse relaxation time in most other tissues compared
with the brain resulting in a faster decay of the transverse relaxa-
tion. This faster signal decay precludes the application of such high
b-values in the body trunk because of 2 effects: (1) the long echo time
of the echo-planar imaging sequence due to the longer application of
the diffusion gradients and (2) the strong signal attenuation in DWI
using high b-values. Furthermore, many tissues exhibit higher ADC
values compared with the brain, again resulting in faster signal decay.
In previous studies on DKI of the kidney, a maximum b-value
of 600 to 800 s/mm2 was found to be sufficient for DKI parameter
estimation.37,38 On the basis of these studies, we chose a maximum
b-value of 800 s/mm2 as a compromise between appropriate SNR
and quantification accuracy of DKI parameters. To ensure sufficient
SNR, a relatively high SENSE parallel imaging factor providing a
short echo time (64 milliseconds) was chosen; furthermore, the
acquisition of 3 signal averages was applied. To reduce potential noise
effects and thus ensure good approximation of the curve fit, we
applied 5 instead of the theoretical minimum of 3 different b-values,
with the disadvantage of longer scanning duration.
We found that, compared with DWI curves, DKI curves fitted
the measurement points with significantly smaller residuals in most
parenchymal organs, which can be explained by the higher number
of fit variables. These findings are in accordance with previous
reports on single organs.36 The residuals in abdominal organs were,
in general, higher than those in the brain for both DKI and DWI
analyses, which may, in part, be attributed to breathing motion and,
in the special case of the liver, are a significant contribution of mi-
crocirculation (intravoxel incoherent motion) to the signal curves.
Further evidence for the validity of the DKI model may be obtained
by comparing the relative confidence intervals of the fitted parame-
ters; although such a detailed error analysis might be instructive in
the future, it shall not extend the size of the present study.
A major challenge of whole-body DKI lies in the long scan-
ning duration. By acquiring only the minimum of 3 b-values, the
scanning duration could be shortened to 27 minutes. Moreover, by
not evaluating the lower extremities, another 50% of time could
potentially be saved.
Results and Comparison With the Literature
The parametrical whole-body maps generated in the present
study readily allow depiction of different anatomic landmarks and
compartments. In accordance with earlier observations,27,32 D, which
is corrected for non-Gaussian diffusion distribution, was higher than
the conventional, monoexponentially determined ADC in most tis-
sues. Larger K values were found in subcutaneous tissue, which seems
reasonable because the microarchitecture of this tissue is dominated
by lipid storage with a strongly restricted space for water diffusion. In
the brain, despite the relatively low maximum b-value of 800 s/mm2,
the K of the WM tended to be higher than that in the GM. This differ-
ence was not statistically significant, which is probably because of
partial volume effects caused by the lower spatial resolution compared
with dedicated brain examinations. However, the order of the observed
parametrical values is consistent with previous observations.25
In the liver, abnormally high D and ADC values were measured
compared with previous observations. Because respiratory triggering
was not possible given the long scan duration, these parameters may
have been influenced by free breathing. Despite the short echo time,
the motion of dephasing spins during the image acquisition may have
led to an overestimation of D and ADC. However, we believe that
this effect was much smaller compared with the influence of perfusion
effects from intravoxel incoherent motion, mainly of microcirculation
from portal venous flow, which is a unique feature of the liver. The
FIGURE 4. Bar diagram of DKI parameters (D, K) and the ADC
for various organs.
TABLE 1. Mean (SD) Values for DKI and DWI Parameters for Different Tissues and Corresponding Mean Sums of Squared Residuals
Tissue
DKI DWI resnorm
D [10j3 mm2/s] K resnorm [ 10j3] ADC [10j3 mm2/s] resnorm [ 10j3] Difference (P)
GM 1.21 (0.22) 1.46 (0.38) 0.15 (0.18) 0.93 (0.15) 0.23 (0.19) 0.099
WM 0.93 (0.16) 1.66 (0.67) 0.13 (0.20) 0.73 (0.09) 0.63 (0.57) 0.013
CSF 3.11 (0.23) 0.13 (0.19) 0.16 (0.26) 3.06 (0.19) 0.53 (0.62) 0.150
Liver 4.22 (1.80) 1.04 (0.25) 10.69 (7.78) 4.88 (3.58) 38.51 (28.37) 0.009
Renal cortex 3.11 (0.75) 0.80 (0.18) 2.83 (2.29) 2.52 (0.79) 12.49 (12.76) 0.048
Renal medulla 2.98 (1.03) 0.79 (0.21) 1.87 (1.46) 2.47 (0.98) 8.05 (5.41) 0.009
Spleen 1.67 (0.75) 1.72 (0.32) 10.58 (7.67) 0.83 (0.18) 22.90 (25.37) 0.171
Muscle 2.37 (0.65) 0.93 (0.25) 1.69 (1.27) 1.77 (0.36) 7.78 (6.12) 0.010
The right column shows the statistical difference between the resnorms of DKI and DWI curves.
ADC indicates apparent diffusion coefficient; CSF, cerebrospinal fluid; DKI, diffusion kurtosis imaging; DWI, diffusion-weighted imaging; GM, gray matter;
resnorm, measure of goodness of fit; WM, white matter.
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reason for this assumption is that such high D and ADC values were
not observed in other parenchymal abdominal organs that also exhibit
notable breathing motion, such as the kidneys.
The fitted DKI curve for the liver showed a nonphysical be-
havior of increasing signal at larger b-values. This is based on the
2 different signs (j and +) of the 2 terms in the argument of the
exponential function in equation2: if the second term becomes domi-
nant, for example, because of noise variability in the signal values or
because of perfusion contributions, nonphysical behavior may occur.
Therefore, it is crucial for the DKI model to include high b-values
to minimize the influence of intravoxel incoherent motion and to
‘‘bind’’ the vertex of the exponential curve to high b-values. On the
basis of former studies, we used a maximum b-value of 800 s/mm2,
which turned out to be a good compromise for different organs but
apparently insufficient for liver imaging. Therefore, quantitative values
of the liver have to be interpreted carefully.
The ADC values measured in the kidneys lay well within the
range of 1.5 to 3.0  10j3 mm2/s reported for normal renal paren-
chyma.39 Furthermore, it is known that ADC values do not differ
significantly between the cortex and medulla when relatively low
b-values are used, likely because of the compensation of greater
anisotropy in the medulla by higher true diffusion.40 In distinction
to recent studies,37,38 however, corticomedullary differentiation based
on DKI parameter values was not possible in the present study. A
possible explanation may again be the superposition of effects from
respiratory motion.
The kurtosis of the spleen was significantly higher than that
of other abdominal organs, indicating high microstructural hetero-
geneity in the spleen of healthy subjects. Changes of ADC in the
spleen have been observed in patients with liver cirrhosis and portal
hypertension.41,42 Future studies may provide more comprehensive
characterization of the spleen by taking into account the non-Gaussian
diffusion in the spleen.
Measurement of the structural anisotropy of skeletal muscle is
of growing interest43,44 and has been shown to allow differentiation
between neurogenic and myopathic disease.45 In the erector spinae
muscle, we measured an intermediate kurtosis of 0.93 T 0.25 and a
strong decrease in the residuals of the fit using the DKI analysis
compared with conventional DWI analysis, indicating a significant
contribution of non-Gaussian diffusion in muscle tissue. This find-
ing might constitute a starting point for future investigations on the
value of DKI for the assessment of muscle diseases.
CONCLUSIONS
In conclusion, our initial experiences show that whole-body
DKI is technically feasible within an acceptable measurement time.
The DKI model fitted the data with significantly smaller residuals.
Whole-body DKI measurements may be of future interest in re-
search on widespread disease for in-depth characterization of diffusion
properties of tissues.
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